Abstract-High-temperature superconducting (HTS) triaxial conductor on round core (CORC) cable is a potential candidate for use in the transmission line of hybrid-electric aircraft because of its advantages in compactness, high power density, and reduced usage of HTS tapes. The harmonic currents generated by ac/dc converters, generators, and motors in the aircraft affect the ac loss of the transmission cable, thus influencing the efficiency of the cable. This paper analyzes the influence of harmonic current on the magnetization loss of a triaxial CORC HTS cable (10 MW, 3 kV/2 kA), which is designed for hybrid-electric aircraft. A finite element method model based on the T-A formulation has been developed for the HTS triaxial CORC cable, which calculates the losses induced both with and without applied harmonic currents. The results show that the magnetization loss has a significant nonuniform distribution among three phases even under a three-phase balanced rated load. The results also show that a small harmonic current (less than 10% of the rated load current) can lead to a considerable increase in the magnetization loss of the cable (up to 40%). In the triaxial CORC cable, harmonic currents lead to the highest increasing rate of magnetization loss with respect to frequency in the innermost phase.
I. INTRODUCTION
T HE aerospace sector is actively pursuing revolutionary design concepts towards electric aircraft to further reduce the environmental impact of air travel, as well as to enhance competitiveness in the face of a predicted long-term rise in fuel costs. Hybrid electric propulsion is currently considered to be a practical design in which power generation is driven by turbines, and the propulsion system consists of electrical HTS motors [1] - [5] . The power requirement for a passenger aircraft ranges from 5 MW to 50 MW. If conventional copper cable is used to deliver the power, the conductors are too heavy to be practical, and losses generated during the transportation are likely to cause a significant decrease in the efficiency of the aircraft, and even to outweigh any benefits [4] , [6] , [7] .
HTS cable shows great advantages, being lightweight, with high power density and thermal stability, which is very suitable for use in hybrid electric aircraft [8] . So far several HTS cables, such as twisted cable, Robel cable, and conductor on round core (CORC) cable, have been developed for all kinds of HTS applications [8] - [11] . Tri-axial CORC cable, however, is considered to be the most promising candidate for hybrid aircraft due to its advantages such as compactness, high power density, and low cryogenic cost. The 3-phase delta-connected coaxial schemes significantly reduce the usage of REBCO tapes, because the sum of 3-phase current vectors is always zero, leading to a small external magnetic field, thus the shielding layer and return path are not necessary [12] - [15] . The University of Bath is developing an all-superconducting power system for hybrid electric aircraft [5] . So far, a 10 MW, 3 kV/2 kA tri-axial CORC cable has been developed. Since AC loss is a key factor in determining the efficiency of HTS cable, a detailed analysis is needed. Studies on AC losses have been carried out for many applications of HTS cables, such as accelerator magnets and transmission lines [16] - [19] . Existing research shows that the AC loss of CORC cable mainly depends on the applied current, frequency, pitch length, and external magnetic field [8] , [20] - [22] . In the power system of electrical aircraft, harmonic currents are easily and unavoidably induced inside AC/DC converters, generators and motors [23] . This may have a significant influence on the total AC losses of the cable. For REBCO tapes with non-ferromagnetic metallic layers, the magnetization loss induced by a transport current is the main component of the total AC losses in the tape. The eddy loss in metallic layers is ignorable [24] , [25] . This paper studies the influence of harmonic current on the magnetization losses of a 10 MW, 3 kV/2 kA tri-axial CORC cable designed for hybrid electric aircraft. A detailed specification of the cable is presented. A numerical model is built based on the T-A formulation to study the dynamic electromagnetic behaviors of the tri-axial CORC cable. The influence of harmonic current on the magnetization loss is analyzed.
II. THE HTS CABLE AND ANALYSIS TOOL

A. Specification of the Tri-Axial CORC Cable for Aircraft
The cable is designed to deliver 10 MW/3 phases power from the generator to the propulsion motors with a compact space structure. Three electrical phases are concentrically arranged to form the tri-axial structure, as shown in Fig. 1 . The cable is rated at 3 kV rms , 2 kA rms with an operating frequency of 50 Hz. The given operating temperature of the cable is 70 K. Each phase consists of 28 REBCO tapes wound spirally around a cylindrical stainless-steel former. The REBCO tape has a Hastelloy substrate and copper stabilizer. Width and thickness of the tape are 4 mm and 1 mm respectively, and each tape has a critical current of 150 A in self-field at 70 K. The rated peak AC current is 100 A for each tape. The critical current of the tape in each phase in the cable is about 140 A during operation. Liquid nitrogen is filled in the channel of both the inner and outer formers as refrigerant. The insulation layers between adjacent phases use Kapton as dielectric materials. The outermost layer uses copper as a shielding material and is connected to the ground to prevent the cable from damage caused by overrated voltages. More detailed specification is shown in Table I .
B. The T-A Model for Tri-Axial CORC Cable
The HTS tri-axial CORC cable model was built using finite element method (FEM). A new set of formulation, which is called T-A formulation, was applied to develop the model. Main idea of the T-A formulation is to solve the problem of the high aspect ratio by approximating the superconducting tape to be a thin shell, thus the thickness of the conductors can be ignored [26] , [27] . The model space is divided into two parts, the superconducting region and the normal region. By applying T-A formulation, the current component normal to the tape surface is neglected because of the negligible thickness, thus current only flows along the tangential direction of the tape surface. Therefore, a current vector potential T is applied to the superconducting region to express the current density:
where T is the normal component of the current vector potential T, and n = [n x , n y , n z ] is the unit normal vector of the tape surface. For a REBCO conductor, the highly nonlinear relationship between current and voltage can be expressed as [28] , [29] :
where E 0 = 1 μV/cm, n = 31, E is the electric field, B is the magnetic flux density and J c is the critical current density. Therefore, the governing equation of the superconducting shell can be derived from Faraday's law:
The governing equation of the normal region is derived from Ampere's law:
where A is the magnetic vector potential. Note that the two governing equations are coupled in the modeling solution. The current density in (4) is obtained from the results of (3). The right side of (3) is calculated directly from the results of (4). This model was built and solved using COMSOL Multiphysics, as shown in Fig. 2 . The magnetization loss in superconducting layers is calculated by [30] - [33] : Fig. 3(a) shows the magnetization loss power of one cycle time under a balanced rated load. Although each phase has the same transport current, as shown in Fig. 3(b) , the magnetization losses in three phases are still considerably imbalanced. Compared with the inner phase A, losses produced in the middle phase is doubled, while the outer phase C has the largest value of losses, three times more than that of the innermost phase A. As can be seen from Fig. 3(a) and (b), the peak value of the magnetization loss does not happen at the peak point of the transport current. This is because that the magnetization loss depends on both transport current and critical current, and the critical current is field dependent. In addition, the magnetization losses of HTS tapes on each phase are significantly affected by the other two phases through magnetic coupling process. Fig. 4 shows the dependence of magnetization loss on the magnitude of the transport current under balanced load. Sharp increase of the magnetization losses can be seen from the operating current of 100 A to 120 A, which illustrates that the magnetization losses of the cable rise up with the operating current in a rapid way. As can be seen in Fig. 5 , magnetization loss of each phase shows a linear increase with the frequency of the transport current. It illustrates a frequency independent behavior of the magnetization loss energy per cycle (J/cycle) in the tri-axial CORC cable, which agreed with previous studies in other applications [21] , [34] . Both the results in Figs. 4 and 5 show that the magnetization loss always presents a significant non-uniform distribution among three phases under different transport currents or frequencies, though they have the same load (with transport currents with same shape and phase) as shown in Fig. 3(b) .
III. ANALYSIS AND DISCUSSION
A. Balanced Rated Load Without Harmonic Current
B. Rated Load With Harmonic Current
For comparison, harmonic currents were applied to the three phases of the tri-axial CORC cable to study the influence of the harmonics on magnetization losses in the cable. The transport current is still applied when the harmonic current is added to the cable, thus the magnetization losses calculated in this part were generated by both the transport current and the harmonic current. Fig. 6 shows the magnetization loss power under a rated load with a harmonic current of 10 A/200 Hz on each phase. The harmonic currents are all in-phase sinusoidal signals (with different frequencies and magnitudes). Compared to the results in Fig. 3(a) , the trend of the curve of the magnetization loss power is notably changed by the harmonic current. Three power peaks are induced during one cycle time as shown in Fig. 6 . The peak values of the magnetization loss power in each phase are all doubled after applying the harmonic currents to the cable. The model in Fig. 7 is a 1/28 sector of the axisymmetric cross section of the cable. Fig. 7 shows the distribution of the normal magnetic field and the normalized current density, J/J c , at three peak points of magnetization loss power in Fig. 6 . The background field of each phase is determined by the other two phases. The magnitude of the magnetization loss power depends not only on the applied current in one phase but also the current in the other two phases. The comprehensive electromagnetic coupling leads to the magnetization loss power curve in Fig. 6 .
In Fig. 8 , the magnetization loss power of three phases in the tri-axial CORC cable are plotted against the varying magnitude of the harmonic current. Note that the cable still delivers a rated load in these cases, and the magnetization loss is generated by the rated load pulsed with harmonic currents. The results show that the magnetization loss shows a significant increase with the magnitude of the harmonic current. However, it differs in the three phases. The magnetization loss in phase A increases by around 53.3%, from 0.15 W/m (@100 A in Fig. 4 ) to 0.23 W/m (@15 A in Fig. 8 ). The magnetization loss in phase C, on the other hand, only increases by 45.5%, from 0.44 W/m (@100 A in Fig. 4 ) to 0.64 W/m (@15 A in Fig. 8) .
To further analyze the influence of the harmonic current on the magnetization losses of the cable, harmonic currents of 10 A with different frequencies were added to each phase. The increasing rate of magnetization losses against different operating frequencies is calculated and plotted in Fig. 9 . The results show that the magnetization loss in three phases increases rapidly with the frequency in the low frequency range (<500 Hz). The magnetization loss then stops increasing with further frequency increases, and shows frequency independence when the frequency is high enough (>800 Hz). The results also show that the increasing rate of phase A rises considerably to about 45%, while the increasing rates of phase B and C reach a peak of 35% when the frequency is increased to 1000 Hz. The conclusion can then be obtained that when the same harmonic current is applied simultaneously to each phase, the frequency of the harmonic current has a relatively minimal impact on the outermost phase, and affects the innermost phase the most.
IV. CONCLUSION
In this paper, a FEM model based on the T-A formulation was built to calculate the magnetization loss induced by transport current in a tri-axial CORC HTS cable (10 MW/3 kV/2 kA) designed for hybrid-electric aircraft. The influence of the harmonic current on the magnetization loss is analyzed, and conclusions are obtained as follows:
Firstly, under a balanced load, although a transport current is applied simultaneously to three phases, considerable imbalance occurs in the distribution of magnetization loss between the three phases. Loss in the outer phase can be twice that of the inner phase. This is induced by the non-uniform distribution of the magnetic field among the three phases.
When harmonic currents are added to the rated transport currents, even a small harmonic current (less than 10% of the rated current) may cause a significant increase in magnetization loss (up to 40%). The total magnetization loss generated increases rapidly with the amplitude and frequency of the harmonic current. However, the increased rate shows frequency independence in the high frequency range.
With the same harmonic current applied, the increasing rate of magnetization loss with respect to frequency in the innermost phase is the highest among the three phases, while the increasing rate in the outermost phase is the lowest.
